Low dose effects of ionizing radiation on normal tissue stem cells by Manda, Katrin et al.
Low dose effects of ionizing radiation on normal tissue stem
cells
Manda, K., Kavanagh, J. N., Buttler, D., Prise, K. M., & Hildebrandt, G. (2014). Low dose effects of ionizing
radiation on normal tissue stem cells. Mutation research/Reviews in Mutation Research, 761, 6-14. DOI:
10.1016/j.mrrev.2014.02.003
Published in:
Mutation research/Reviews in Mutation Research
Document Version:
Peer reviewed version
Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal
Publisher rights
Copyright © 2014 Elsevier.
This manuscript version is made available under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.
General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.
Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.
Download date:15. Feb. 2017
1/31 
 
Low dose effects of ionizing radiation on normal tissue stem cells  
 
Katrin Manda1#, Joy N. Kavanagh2#, Dajana Buttler1, Kevin M. Prise2, Guido 
Hildebrandt1 
 
1Department of Radiotherapy and Radiation Oncology, University of Rostock, 
Suedring 75, 18059 Rostock, Germany.  
2Centre for Cancer Research and Cell Biology, Queen's University Belfast, 97 
Lisburn Road, Belfast, BT9 7BL, United Kingdom. 




Department of Radiotherapy and Radiation Oncology 
University of Rostock 
Suedring 75, 18059 Rostock, Germany 
e-mail: katrin.manda@uni-rostock.de 
Telephone.: +49 381 494 9110; Fax: +49 381 494 9002 
 
E-mail addresses of further authors: 
Joy Kavanagh:  j.kavanagh@qub.ac.uk 
Dajana Buttler:  dajana.buttler@uni-rostock.de 
Kevin M. Prise: k.prise@qub.ac.uk 





In recent years, there has been growing evidence for the involvement of stem cells in 
cancer initiation. As a result of their long life span, stem cells may have an increased 
propensity to accumulate genetic damage relative to differentiated cells. Therefore, 
stem cells of normal tissues may be important targets for radiation-induced 
carcinogenesis.  
Knowledge of the effects of ionizing radiation (IR) on normal stem cells and on the 
processes involved in carcinogenesis is very limited. The influence of high doses of 
IR (>5 Gy) on proliferation, cell cycle and induction of senescence has been 
demonstrated in stem cells. There have been limited studies of the effects of 
moderate (0.5 – 5 Gy) and low doses (<0.5 Gy) of IR on stem cells however, the 
effect of low dose IR (LD-IR) on normal stem cells as possible targets for radiation-
induced carcinogenesis has not been studied in any depth. There may also be 
important parallels between stem cell responses and those of cancer stem cells, 
which may highlight potential key common mechanisms of their response and 
radiosensitivity. 
This review will provide an overview of the current knowledge of radiation-induced 
effects on normal stem cells, with particular focus on low and moderate doses of IR. 
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Abbreviations 
APE1: Apurinic endonuclease; ATM: ataxia telangiectasia mutated; BER: base 
excision repair; CSC: cancer stem cell; DNA DSB: DNA double strand break; ESC: 
Embryonic stem cell; EMT: Epithelial-to-Mesenchymal Transition; HD-IR: high doses 
of ionizing radiation; HR: homologous recombination; HSC: hematopoietic stem cell; 
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HPC: hematopoietic progenitor cells; iPSC: induced pluripotent stem cell(s); IR: 
ionizing radiation; LD-IR: low doses of ionizing radiation; NHEJ: non-homologous end 




1.1 Conventional models of radiation-induced carcinogenesis 
There is extensive evidence from animal and human exposures describing the risk of 
many cancer types, following acute radiation exposures [1;2]. The epidemiological 
data from the Atomic Bomb survivor cohort collected over 60 years supports a linear 
dose response relationship for intermediate doses, however for low dose exposures 
the evidence is less reliable due to lack of statistical power for cancer induction at low 
doses (<100 mSv) [3].  
Conventional radiobiological models assume that cellular responses to radiation 
occur as a result of direct damage to nuclear DNA by a radiation track (known as 
‘target theory’). A further assumption is that damage is proportional to the number of 
tracks (which is related to dose) and therefore any dose no matter how small, can 
result in potentially mutagenic DNA damage.  
These assumptions along with the epidemiology data for intermediate doses 
underpin the most frequently employed model for estimating radiation risk, the Linear 
No Threshold (LNT) model. This model only accounts for direct irradiation of cell 
nuclei. Therefore based on the LNT model, for all doses <1.5 Gy, the dose-response 
curve for excess cancer risk is linear. This is a conservative model that assumes any 
dose confers an excess cancer risk. In the low dose region this model is also 
supported by studies of in utero exposures in the order of 10 mGy that showed an 
increase in childhood cancers in exposed individuals [3]. 
4/31 
 
There has been extensive debate concerning the suitability of this model for doses 
below 100 mSv and experimental studies in that dose region have provided evidence 
for a non-linear dose-response curve. This may impact on risk estimations after low 
dose occupational or medical exposures.  
 
1.2 The new paradigm in radiation biology 
Evidence from in vitro and in vivo studies in the last two decades has highlighted 
several issues that are not considered by conventional radiation carcinogenesis 
theories [4;5]. Firstly, the precise initiation event is difficult to pin point for radiation 
and is generally observed to be a stochastic process. 
Secondly, a cancer outcome following radiation is most likely affected by the 
microenvironment, signalling between irradiated and non-irradiated cells and 
inflammatory responses. Finally, controversial ‘abscopal effects’ have been observed 
in vivo at sites distant from the irradiated area. These issues highlight the fact that 
mutation and subsequent cancer development cannot be explained by direct energy 
deposition in DNA only. 
Low dose and targeted radiation studies have identified cellular phenomena that do 
not fit the traditional model as they elicit responses in cells that were not directly 
traversed by radiation tracks. These phenomena include genomic instability and 
bystander effects. Genomic instability describes an increased frequency of mutations 
and chromosome aberrations in the progeny of irradiated cells [6-8]. Radiation 
induced bystander effect describes the response of unirradiated cells to the 
irradiation of their neighbours. Radiation induced bystander effects have been 
observed for a range of biological endpoints including: apoptosis [9], DNA damage 
and up regulation of proteins in the DNA damage response, [6;10;11], micronucleus 
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induction [12;13], cell proliferation [14], cell survival [15-17] and genomic instability 
[18;19]. 
These processes have been found to saturate at low doses and to have non-linear 
dose responses. They are also often cell and radiation type specific and their 
existence indicates the need for better understanding of the mechanisms involved in 
radiation carcinogenesis and the development of alternative models for this complex 
process. Some more recent papers have described models of radiation effects that 
incorporate bystander signalling [20;21;22;23;24;25;26]. 
 
1.3 Stem cells as the target for the initiation of radiation carcinogenesis 
Stem cells are undifferentiated cells, possessing the potential for unlimited replication 
and differentiation to many cell types (pluripotency). Key to this is the ability of stem 
cells can undergo symmetrical or asymmetrical division. Whilst in the first case two 
copies of the original stem cells are formed; the second case results in one daughter 
progenitor cell and one undifferentiated stem cell. Thereby stem cells can both self-
renew and produce daughter cells capable of differentiating into one or more types of 
mature cell. The decision to divide by either route is stringently regulated by 
endogenous signalling and exogenous micro-environmental factors [27]. Stem cell 
fate is influenced by multiple convergent signal-transduction pathways the outcome 
of which is ultimately controlled by cell/tissue type specific ‘master’ regulators 
[28;29;30]. Key players in the decision for self-renewal or differentiation are the 
JAK/STAT and Hedgehog pathways as well as members of the transforming growth 
factor beta (TGF-β) family. TGF-β has an important impact on processes such as 
proliferation, differentiation, regeneration and homeostasis [31]. In cancer, TGF-β has 
a tumour-suppressive effect on premalignant cells. However, in the later stages of 
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cancer, TGF-β promotes invasion because of its role in epithelial to mesenchymal 
transition [32]. This process is also influenced by epigenetic regulation [33]. 
In mammals, there are two types of normal stem cells: embryonic stem cells (ESCs), 
which are isolated from the inner cell mass of the blastocyst, and can differentiate to 
form all cells of the three main germ layers (pluripotent). The second type of normal 
stem cells are adult stem cells. They act as a repair mechanism replenishing mature 
cells at a rate dependent on the requirement of the specific organ. Adult stem cells 
are typically slow cycling cells and, in general, can only differentiate into the cell 
types found in the tissue of origin although there are exceptions to this via 
reprogamming. They are defined as being multipotent. As a result of their long life 
span adult stem cells are thought to have an increased propensity for the 
accumulation of genetic mutations. 
 
Are stem cells involved in cancer initiation?  
Traditionally the development of cancer has been described to occur in three steps – 
initiation, promotion and progression. Carcinogenesis is now understood to be a 
complex process that occurs in a multiple stages, which have not been understood in 
any depth [34]. However, the fact that exposure with ionizing radiation (IR) can 
induce cancer has been known for over a century [35]. In recent years there has 
been increasing evidence to indicate the involvement of stem cells in cancer 
initiation, progression and tumour maintenance. The development of cancer and the 
possibility that cancers could arise from stem or stem-like cells (Cancer stem cells 
(CSCs)) is not a new idea, in fact this was proposed in the 18th century [36;37]. 
However it was not possible until the mid-1990s to isolate stem cell-like populations 
from a human cancer [38]. A good overview of the milestones contributing to the 
understanding of normal and cancer stem cells, has been published by Nguygen and 
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co-workers [36]. As a result of the many investigations in this context, the ‘Cancer 
Stem Cell’ hypothesis was born [37;39;40]. This theory assumes that normal stem 
cells can be transformed into CSCs (Fig. 1) and progenitor cells can be modified into 
cancer progenitor cells, which are able to generate differentiated cells that make up 
the bulk of the tumour. The key question that remains for the radiation protection and 
radiation biology communities is, what role radiation exposure plays in transformation 
of stem cells to CSCs and if this modification can be triggered by low dose irradiation. 
To our knowledge no detailed studies have been conducted that address this 
question. 
 
Figure 1: Proposed simplified model of theory for the origin of cancer stem cells; and 
the possible influence of low-dose irradiation (LD-IR). 
 
The ’Cancer Stem Cell hypothesis’ is supported by two main observations that 
originated in the 1970s [41], the first of which is the role of tumour heterogeneity. 
Although most tumours are thought to arise from a single transformed cell, solid 
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tumour masses are heterogeneous in nature suggesting the existence of a primitive 
cancer cell population capable of producing progeny from which diverse lineages can 
arise [42]. The second observation came from studies showing that a large number of 
cancer cells were required to grow and form a tumour [41;43;44]. In the CSC 
hypothesis it is postulated that a rare subpopulation of cells, CSCs, are responsible 
for tumor growth. Several xenotransplantation studies, involving serial dilution of pre-
purified cells from human cancer cells in immunodeficient mice have shown that only 
CSCs were able to generate the tumours therefore supporting the CSC proposal 
[38;45-48].  
Furthermore the ‘Cancer Stem Cell hypothesis’ suggests that, because of their long 
life time, stem cells may be the preferential targets of initial oncogenic mutations or 
accumulate additional mutations over a long period of time. Therefore stem cells with 
acquired mutations are thought to be the origin of many cancers [27;49-52]. 
In addition, besides immune suppression effects of cancer growth, the CSC 
hypothesis may explain cancer recurrence in patients that had been in remission for 
years or even decades after treatment [50], because conventional treatment may kill 
non-stem-like cancer cells, thereby decreasing the tumour bulk. CSCs remaining in 
the body are able to re-populate the tumor many years after the original therapy. This 
would also suggest that stem cells, or at least the so-called CSCs, are more resistant 
to conventional cancer therapeutics. Therefore, while the bulk of the differentiated 
cells within tumours are non-tumorigenic cancer cells with limited proliferative 
potential, and are relatively sensitive to treatments, the CSCs may survive treatments 
and retain their ability to self-renew and to regenerate the tumour mass. 
Consequently, therapies can diminish the tumor mass, but they will not cure the 
patient because the CSCs can cause tumor re-growth. However, the extent to which 
CSCs are present within individual tumours has been shown to be cancer site and 
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stage dependent [53]. The reported prevalence of CSCs may also be dependent on 
the assay used to detect CSCs [54;55]. However, there is now also evidence of a 
high degree of plasticity within tumour cells and therefore therapies that target 
mechanisms of de-differentiation may be very important [56;57]. Dedifferentiation of 
mature tumour cells to CSCs has been shown to be regulated by extracellular 
signaling from the tumour microenvironment through nitric oxide, transforming growth 
factor-α (TGF-α), transforming growth factor-ß (TGF β), HGF and to activate WNT 
and NOTCH signaling pathways, thus ‘switching on’ stem cell signaling [58;59;60]. 
Hypoxia has also been shown in culture to play a role in increasing the CSC 
population by dedifferentiation [61]. 
During the last two decades CSCs have been identified in primary tumor isolates of 
many different cancer types [40;48]. Furthermore, many characteristic similarities 
have been observed between CSCs and normal stem cells [38;41;62]. Besides the 
involvement of stem cells in cancer initiation there is also growing evidence for the 
involvement of CSCs in cancer progression and metastasis [63;64]. Research, is 
aimed at refining treatment of many types of malignancies are now focused on 
targeting key pathways of CSCs so to more efficiently kill these resistant cells. 
If stem cells are indeed the cells of origin of cancer, as much evidence to date 
suggests, then it is important to understand the mechanism of that transformation 
and critically the role played by low dose radiation exposures in initiating or stabilizing 
that process. 
 
2. Radiation-induced effects on normal stem cells  
The cancer stem cell-theory assumes that normal stem cells can be transformed into 
CSCs (Fig. 1). However it remains to be shown if radiation can trigger this 
transformation, and if this is the initiating step in radiation carcinogenesis. There have 
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been some studies showing how IR can influence normal stem cell fate (for detailed 
examples see, sections 2.2 – 2.4) but our understanding of the effect of IR on 
characteristics of stem cells per se as well as on the initiation and progression of 
cancer is very limited.  
The following sections will give an overview of the current knowledge about radiation-
induced effects on normal stem cells and the responses to different radiation doses in 
more detail. For the purpose of this review, classification of doses of ionizing 
radiation was used according to Kadhim et al. [5] as follows: 
 
Very high – doses above 15 Gy 
High – doses of 5 - 15 Gy 
Medium – doses of 0.5 – 5 Gy 
Low – doses of 0.05 - 0.5 Gy 
Very low – doses below 0.05 Gy 
 
 
2.1 Effects of high-dose (>5 Gy) irradiation on normal stem cells 
During the last decade, the impact of radiation on different kinds of stem cell from 
normal tissue after exposure with high doses (>5 Gy) has been the topic of several 
studies. Following total body irradiation with 6.5 Gy murine hematopoietic stem cells 
(HSCs) were caused to senesce as a result of an increased level of ROS production 
[65;66]. Indications for increased induction of stress-induced premature senescence 
were also observed after in vitro irradiation of mesenchymal stem cells isolated from 
human bone marrow with <20 Gy. Additionally, irradiation resulted in reduced 
proliferation and p53 activation (after 20 Gy IR) [67], but no effect on cell viability or 
apoptosis, (measured by activation of caspases 3/7, 8 and 9) was observed in the 
11/31 
 
mesenchymal stem cells. In contrast to these results Filion et al., 2009 reported, in 
human ESCs, an induction of caspases 3 and 8 as well as expression of the anti-
apoptotic protein Survivin after irradiation with 5 Gy [68]. Additionally, radiation 
induced DNA damage was detected as γ-H2AX foci, accompanied by 
phosphorylation of p53 at serine 15 and a G2 cell cycle arrest. An absence of a G1 
arrest has been found in ESCs after DNA damage caused by 10 Gy doses of IR. 
Known pathways involved in DNA damage signaling and repair and cell cycle are 
thought to play a role in this response [69]. This is discussed further in section 3. 
X-ray exposure of murine ESCs to 5-10 Gy induced a significant loss of 
heterozygosity of the Aprt gene [70], coding for the enzyme Adenine 
phosphoribosyltransferase, which is important in the purine nucleotide salvage 
pathway. It was observed, that the mutant frequency after X-ray treatment was 100-
fold (5 Gy) higher than in differentiated cells, which has led to the suggestion that X-
rays are a more potent mutagen for stem cells than for more differentiated cells. 
Contrary to point mutations that are observed in differentiated cells, after X-ray 
treatment of mouse ESCs, induction of mitotic recombination may be the main 
reason for the loss of heterogzygosity.  
 
2.2 Effects of moderate doses (0.5–5 Gy) irradiation on normal stem cells 
Also for the moderate dose range of IR the effect on normal stem cells was 
investigated on the basis of standard radiobiological endpoints. In human ESCs a 
temporary G2/M (but not G1) arrest was observed 8 to 24 hours after irradiation with 
2 Gy. This effect was shown to be dependent on ATM, a critical component of the 
DNA damage signalling pathway [71]. Wilson and co-workers (2010) performed 
various investigations of the effect of moderate IR on the normal human ESC cell line 
H9 [72]. Their experiments showed induction of apoptosis (measured by flow 
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cytometry) 48 hours after IR exposure. So an increase of apoptotic cell death after 2 
and 4 Gy was clearly evident in comparison to unirradiated controls. Long-term study 
of the cells after exposure to 2 and 4 Gy revealed a temporary inhibition of cell 
proliferation that was distinctive only in the first week after exposure. 
Beside well-known radiobiological endpoints, like DNA damage, cell cycle, 
proliferation or apoptosis additionally radiation-induced effects on miRNAome of 
normal stem cells as well as analyses on their gene expression and transcriptome 
were performed after moderate dose range of IR (0.5–5 Gy). There are reports 
revealing that moderate radiation doses can alter the miRNAome of human ESCs 
[73]. In human H1 and H9 ESC cell lines, 1 Gy irradiation leads to elevated miRNA 
control of various genes (shown by gene ontology analysis) such as those involved in 
positive regulation of cell differentiation, cell death and cell cycle, as well as activation 
of transcription. Further investigations of the H9 cell line have characterized the 
influence of 1 Gy on the human genome-wide transcriptome and shown that this was 
dependent on the time of analysis post treatment [74]. Early and late responses 
describe observed changes at 2 and 16 hours, respectively, after irradiation. The 
early radiation response involved up regulation of 30 genes that indicated a p53 
dependent pro-apoptotic response. At the later time point of 16 hours after irradiation, 
a total of 354 genes were differentially expressed. The late response signature 
contained predominantly genes involved with pro-survival signaling pathways. 
Transcriptomic analyses of the irradiated ESC cell line H9 by microarrays performed 
also by Wilson et al., 2010 [72] showed a higher degree of overlap between the 
samples of 2 and 4 Gy than with LD-IR samples (0.4 Gy) or with unirradiated 
controls. Increased co-clustering of genes between samples of the 2 and 4 Gy 
groups was observed compared to the unirradiated control (Global Pearson 
correlation of 95 % compared to 0 to 2 Gy: 87 %; 0 to 4 Gy: 89 %). Genes that have 
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been highlighted as being affected by moderate IR included those involved in cell 
death, p53 signalling, amino acid metabolism, cell morphology, molecular transport, 
cell cycle, TGF-β and Wnt signalling. Data from that study would suggest that IR 
does not significantly increase ESC differentiation.  
The absence of an IR effect on differentiation of stem cells cannot be generalized 
because radiation-induced influences on stem cell differentiation were well described 
in other studies. For instance investigation of embryoid body formation for 
determination of the differentiation potential of induced pluripotent stem cells (iPSC) 
resulted in a dose dependent reduction of embryoid body diameter [75]. This effect 
was observed in embryoid bodies that were derived from irradiated mouse iPSCs 
after IR with 1, 2, 4 or 7.5 Gy X-rays, and were significant after 2 – 7.5 Gy. A 
significant radiation dose-dependent effect (from 1 – 7.5 Gy) was also shown in 
expression of the endoderm marker Afp which decreased in the embryoid bodies 
formed from irradiated iPSC in comparison to those formed from unirradiated cells. It 
is evident from the published observations that the effects of IR on differentiation are 
strongly dependent on the types of stem cell and endpoints studied. 
The influence of moderate IR on gene expression in stem cells was also observed in 
other studies. Modifications of gene expression patterns were demonstrated in 
human HSCs after irradiation with 2 Gy. Up regulation of genes related to early 
haematopoiesis (FLI1; HOXB4; Tie-2), cytokine receptors (KIT; IL3RA), and oxidative 
stress (HO1; NQO1) has been described [76].  
Furthermore, transcriptome analysis of human epidermal stem cells, 15 hours after 
2 Gy exposure, by oligonucleotide microarray technology demonstrated an induction 
of a network of cytokines and growth factors as well as the repression of an 
apoptosis-involved gene network [77]. On the basis of clonogenic assays it was 
shown, that in contrast to the relatively radiosensitive progenitor cells the epidermal 
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stem cells were radioresistant. Therefore, radiosensitivity of normal stem cells 
appears to be definitely dependent on stem cell type and their tissue of origin. 
Besides the radioresistant properties (stem cells of skin or mammary gland), 
radiosensitive characteristics (brain stem cells) were also described (summarized in 
[27]). With regard to carcinogenesis, radioresistance of stem cells may provide 
increased possibilities for accumulation of mutations required for tumour initiation. 
Also, comparison studies of the radiosensitivity of normal stem cells and cancer stem 
cells have been performed and there are indications that normal stem cells are less 
radioresistant than their cancer counterpart [78]. 
  
Besides the effect of radiation on stem cells itself, the influence of radiation on the 
microenvironment may also play a crucial role in carcinogenesis. The effect of IR on 
stem cells in the niche at the hair follicle bulge region and their impact on radiation-
induced hair greying has been investigated. A total-body irradiation of C57BL/6J mice 
with 5 Gy resulted in a stable induction of hair greying [79]. The authors suggested 
that the induction of differentiation of melanocyte stem cells after irradiation caused 
an abrogation of the stem cell self-renewal followed by hair depigmentation in the 
following hair cycles was responsible for the observed greying. Aoki et al, 2011 [80] 
also described that melanocyte stem cells, which were pre-damaged by irradiation, 
appeared to differentiate abnormally to ectopically pigmented melanocytes in situ. 
They furthermore observed in vivo an influence of the Kit signalling pathway on 
melanocyte stem cells in a radioprotective manner. Kit receptor signalling, an 
essential growth and differentiation pathway, plays a crucial role in regulating hair 
pigmentation of mammals [81]. In 2013 the same authors suggested that radiation-
induced hair greying is probably caused by keratinocyte stem cells or keratinocytes 
rather than by melanocyte stem cells [82]. In both keratinocyte stem cells as well as 
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melanocyte stem cells, DNA DSBs after irradiation with 5 Gy were observed. But 
radiation exposed keratinocytes or keratinocyte stem cells suppressed the colony 
formation of melanocyte stem cells. The authors concluded therefore that irradiated 
keratinocytes or keratinocyte stem cells may serve as a niche factor for melanocyte 
stem cells. 
 
2.3 Effects of low dose (<0.5 Gy) irradiation on normal stem cells 
There is little evidence in the literature regarding the effects of LD-IR on stem cells. In 
H9 human ESC cell line, the induction of apoptosis 6 and 41 hours after treatment 
with low and moderate dose IR was investigated by Sokolov & Neumann [83]. 
Whereas moderate doses of 1 Gy resulted in significant apoptosis in the ESCs, low 
doses of 200 and 500 mGy produced no detectable apoptosis above the control 
level. A similar experiment with the H9 ESC cell line could also not detect apoptosis 
48 hours after LD-IR with 400 mGy [72].  
Whereas radiation exposure with low doses did not induced apoptosis, LD-IR was 
reported to cause modifications in gene and protein expression patterns. Genome-
wide analysis of gene expression of H9 ESC cell line using microarrays showed a co-
clustering of the 400 mGy sample with the unirradiated control (global Pearson 
correlation: 91 %; results of HD-IR see above) [72]. Similar to moderate doses (2 and 
4 Gy) in the low dose range irradiated ESCs, IR affected expression of genes 
involved in cell death, p53 signalling, organ and embryonic development as well as 
cell cycle control. In C17.2 cells, immortalized mouse derived neural stem cells, LD-
IR with 30 mGy (5 mGy/hour) was shown to cause an altered protein expression 
profile [84]. Both, up- and down-regulation were observed and the affected proteins 
were involved in neuronal development and function, neurodegeneration, cellular 
stress, apoptosis, cell cycle control and proliferation. Furthermore, authors reported 
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that doses of 10 and 30 mGy diminished differentiation of the immature neural C17.2 
stem cells to glial cells.  
Discontinuous dose dependencies after radiation in the low dose area were observed 
by Liang and co-workers (2011), who performed in vitro studies to investigate the 
influence of LD-IR on rat mesenchymal stem cells, isolated from the bone marrow of 
6 to 8 week old male Wistar rats [85]. While treatment with 20 and 100 mGy had no 
effect on cell growth compared to unirradiated controls, exposures with doses of 50 
and 75 mGy significantly stimulated the cell growth of the rat mesenchymal stem 
cells. The cause of the increase in cell growth has been attributed to activation of 
several members of the mitogen-activated protein kinases / extracellular-signal-
regulated kinases (MAPK/ERK) signaling pathway in the rat mesenchymal stem cells 
after 75 mGy. The authors do not explain why doses of 50 and 75 mGy promoted 
proliferation but slightly lower doses (20 mGy) and higher doses 100 mGy had no 
influence. Potentially, non-linear dependencies such as those described for immune 
modulatory effects after LD-IR, play a role. There are many studies indicating that 
dose-response curves for LD-IR are non-linear, displaying discontinuous dose 
dependencies and that they reflect the hypersensitivity of cells to LD-IR not being 
predictable by extrapolation from the high dose IR response [86-88]. 
 
In addition to in vitro studies, in vivo experiments that focussed on the effect on stem 
cells of moderate and low doses of IR have also been performed. The impact of LD-
IR on skin wound healing processes in response to repeated LD-IR (75 mGy X-ray, 
cumulative doses of 375, 600 and 825 mGy) has been investigated in diabetic rats 
[89]. Radiation induced stimulation of wound healing was connected to a time-
dependent gradual increase in the number of bone marrow and circulating stem cells 
(cells which were positive for stem cell marker CD34+ and endothelial marker 
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CD31+). It can be postulated that LD-IR may have a stimulatory effect on proliferation 
of bone marrow stem cells.  
Similarly, stimulation of proliferation of bone marrow hematopoietic progenitor cells 
(HPC) was observed in BALB/C mice 48 hours after exposure with LD-IR, which was 
most distinct after 75 mGy exposure [90]. Increased proliferation was accompanied 
by significant increases in HPC mobilization into the peripheral blood at 48 to 72 
hours after LD-IR treatment. These results lead to the proposal that LD-IR may 
induce hematopoietic hormesis.  
Radiation hormesis is a phenomenon in which a low dose of IR results in an adapted 
cellular response to subsequent exposures. In particular, there is evidence that this 
radio-adaptive effect may confer resistance to cells that have received a low ‘priming’ 
dose (reviewed in [91]), [92;93]. Whether or not a radioadaptive effect occurs in the 
case of normal stem cells is unclear. However, positive effects of LD-IR on stem cells 
per se and on processes dependent on stem cells, were also described by Wei and 
co-workers. On the basis of in vitro and in vivo studies with murine neural stem cells, 
a possible beneficial influence of LD-IR may exist in the neurogenesis of the mouse 
hippocampus. In contrast to HD-IR (3 Gy), LD-IR caused a stimulation of the Wnt/ß-
catenin signaling pathway, which is assumed to be involved in regulation of 
proliferation and differentiation of neural stem cells as well as neurogenesis in the 
hippocampus. Elevated expression of Wnt1, Wnt3a, Wnt5a and ß-catenin could be 
observed in the neural stem cells after IR with 300 mGy. Elevated proliferation and 
neuronal differentiation of neural stem cells after IR with 300 mGy were also 
detected. In addition, flow cytometry analyses revealed reduced apoptosis and 
improved cell survival of the neuronal stem cells [94].  
Table 1 provides an overview of the studies investigating radiation responses (also in 
the range of LD-IR) of different types of normal tissue stem cells from human and 
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rodents. There are no reported studies in the literature investigating the effect of LD-
IR on stem cells of normal tissue as possible targets for a radiation-induced 
carcinogenesis. The question of the involvement of LD-IR in the transformation of 
normal stem cells to cancer stem cells and subsequent carcinogenesis remains 
open.  
In the last three sections there was given an overview of the current knowledge about 
radiation-induced effects on normal stem cells and the responses to different 
radiation doses. In fact, clear IR effects on normal stem cells were described 
(summarized in table 1), but a general conclusion with regard to dose dependency is 
still difficult. Because of the different dose ranges, unequal kinds of endpoints were 
investigated using several experimental designs. Additionally, a comparison of the IR 
effect on different types of stem cells, originating from diverse tissue as well as even 
different species, should be made carefully. Further studies using the same 
conditions, like the same stem cell types of origin, investigating identical endpoints 
using the same experimental design, will be necessary to fill the present gap. 
 
3. Discussion and Outlook 
Evidence suggests that for radiation carcinogenesis, stem or progenitor cells may be 
the cells from which the tumour originates. Irradiation with high doses, as well as 
moderate and low doses can influence stem cells at the single cell level, and more 
critically, processes that require stem cells, such as tissue development and 
maintenance. The effect of ionizing radiation on stem cells depends not only on 
radiation quality, dose and dose-rate [20;95] but also on endogenous factors such as 
the tissue of origin and microenvironment [96-98].  
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IR can influence stem cell fate by the induction of DNA damage, cell cycle arrest, 
senescence, cell death; these can occur through genetic and epigenetic changes that 
result in modified expression patterns.  
Whether LD-IR can induce the transformation of normal stem cells into cancer stem 
cells is unknown and additionally the impact on carcinogenesis. Can LD-IR cause in 
normal stem cells deregulation of normal stem cell markers or induce expression of 
cancer stem cell markers?  
Some insight into stem cell sensitivity to initiation by IR may be gained from research 
into the role of DNA repair pathways in stem versus more differentiated cells. 
Mammalian cells have evolved extensive and robust mechanisms to recognize and 
respond to DNA damage, whether produced endogenously or exogenously. The 
mechanisms and the genetic defects that cause them to fail have been studied and 
extensively described for somatic cells [99], [100] and [101]. A robust DNA damage 
response is essential in stem cells in order to preserve their genomic integrity and 
that of their daughter cells if tissue homeostasis is to be maintained.  
Despite the abundance of research on DNA damage responses, our knowledge of 
how different cell types respond to DNA damage is far from complete. Indeed the 
understanding of how DNA repair differs in stem compared to somatic cells is 
relatively recent and many questions remain. Some groups have investigated 
differences in DNA repair between stem and somatic cells and this may help to 
explain their response to IR. Most of that work has focused on DNA double strand 
break (DSB) repair in mouse and human embryonic stem cell models.  
Research using mouse models that were generated to have defects in different 
pathways involved in DNA repair [102] have shown that HSCs accumulate 
spontaneous DNA damage with age. Concurrent with this increase in DNA damage 
accumulation the authors showed decreased efficiency of HSC stem-cell function, 
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and the accumulation of DNA DSBs was associated with increased cell death and 
decreased self-renewal. Although defects in all of the repair pathways that have been 
investigated have shown that this resulted in eventual weakening of long term self-
renewal abilities of HSC in vivo, the most extreme response was observed when 
pathways required for DSB repair, particularly homologous recombination (HR) were 
affected. It seems likely that in HSCs the quiescent population can accumulate DNA 
damage over time without inducing apoptosis. Conversely the more rapidly 
proliferating progenitor cells are prone to apoptosis. Whether or not parallels can be 
drawn between quiescent HSCs and stem cells of other organs in this regard remains 
to be seen, however this suggests that stem cells are the more likely target for 
initiation than rapidly proliferating progenitors. 
A study of murine ESCs also showed a dominance of HR over NHEJ when compared 
to somatic cells (80 % versus 20 %) [103;104]. As ESCs are proliferating rapidly, they 
are prone to endogenous DNA damage, however they have been generally observed 
to have lower mutation frequency relative to more differentiated cells [100].  
When ESCs were grown in culture for prolonged passages they have been found to 
accumulate mutations. A mechanism involving the down-regulation of Apurinic 
Endonuclease 1 (APE1) and subsequent failure of BER has been described to 
explain this phenomenon in cultured human ESCs [105]. The authors reported that a 
decrease in the efficiency of the BER pathway meant that oxidative base damage 
was not converted by glycosylases to DNA DSBs [106;107] and therefore caused an 
accumulation of damage. The dominance of HR in ESCs is in contrast to somatic 
cells in which NHEJ is the dominant DNA DSB repair pathway and is possibly due to 
the large portion of time that these cells spend in S and G2 phase of the cell cycle 
when there is a template available for HR repair. Also, in contrast to somatic cells, IR 
induces predominantly G2 arrest in ESCs compared to G1 dominance in somatic 
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cells [71]. Additionally, the authors showed that in ESCs, γH2AX foci, an established 
marker of DNA DSBs [108], colocalised with both RAD51 and Ku70, indicating that 
both HR and NHEJ were playing a role. This may explain the efficiency of DNA repair 
in those cells. It has been suggested that the conventional NHEJ pathway is less 
important in ESCs and that the higher fidelity alternative, XRCC4 dependent, NHEJ 
pathway is instead more prevalent. Interestingly, the DNA repair rate has been 
shown to increase with increased state of differentiation and this is thought to be due 
to the increasing role of NHEJ in DSB repair in more mature cells [109]. The 
alternative NHEJ pathway is still relatively poorly understood, and as this appears to 
have a role in the maintenance of stem cell genome integrity, this is an important 
avenue of future research. 
How the stem cells of other tissue types respond to endogenous and exogenous 
sources of DNA damage (such as IR), the relationship to radiosensitivity and risk of 
carcinogenesis has not been well studied. From the limited examples available it is 
apparent and perhaps not surprising that sustained in vitro culture of stem cells 
modifies their response to stimuli. Data obtained in this way may not be 
representative or easily extrapolated to explain in vivo observations. As stem cells 
are localized in specialized stroma, or niche, and their response to stimuli (including 
IR) is conditioned also by many microenvironmental factors, results obtained through 
in vitro single cell systems may deviate significantly from in vivo. How IR affects the 
stem cell niche and how these modifications impact on the transformation of normal 
stem cells into cancer stem cells needs to be elucidated. It is acknowledged that in 
vitro and in vivo signalling factors are produced in response to IR that can induce 
responses in neighbouring unirradiated cells however little is known about how stem 
cells respond to these non-targeted effects [27;110;111]. Such inter cellular signalling 
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may involve modulation of immune and inflammatory responses may play an 
important role in the development and modulation of stem cell dependent cancer.  
Until now, it is still unclear if IR exposure can induce transformation of normal stem 
cells into tumour stem cells and how important a role IR exposure plays in the 
initiation of carcinogenesis. Further investigations need to identify additional end 
points for characterization of stem cell dependent carcinogenesis. Further 
development is required in specialized 2D, 3D and in vivo models that can maintain 
stem cells and their progenitors in an environment that replicates the organ specific 
niche as essential tools that will enable extrapolation of results to the incorporation in 
and development of advanced models for human carcinogenesis. 
 
Current projects 
To answer the question of involvement of LD-IR in the transformation of normal stem 
cells to cancer stem cells and subsequent possible carcinogenesis two ongoing 
Euratom projects with experimental studies are in progress.  
Both projects, EpiRadBio (Combining epidemiology and radiobiology to assess 
cancer risks in the breast, lung, thyroid and digestive tract after exposures to ionizing 
radiation with total doses in the order of 100 mSv or below; FP7-269553; 04/2011-
03/2015) and ANDANTE (Multidisciplinary evaluation of the cancer risk from neutrons 
relative to photons using stem cells and the analysis of second malignant neoplasms 
following paediatric radiation therapy; FP7-295970; 01/2012-12/2015), address 
radiation-induced stem cell responses in vitro and in vivo respectively, with regard to 
the possible involvement of stem cells in carcinogenesis.  
 
Conflict of Interest Statement  
23/31 
 
The authors declare that there are no conflicts of interest. 
Acknowledgements 
This work was supported partially by the European Commission under contracts FP7-
269553 (EpiRadBio) and FP7-295970 (ANDANTE). 
 
References 
[1] R.J.M. Fry, J.B. Storer, External radiation carcinogenesis. (Lett & JT, eds), 
New York,1987, pp. 31-90. 
 [2] K. Ozasa, Y. Shimizu, A. Suyama, F. Kasagi, M.Soda, E.J Grant, R. Sakata, 
H. Sugiyama, K. Kodama, Studies of the mortality of atomic bomb survivors, 
Report 14, 1950-2003: an overview of cancer and noncancer diseases, 
Radiat. Res. 177 (2012) 229-243. 
 [3] D.J. Shah, R.K. Sachs, D.J. Wilson, Radiation-induced cancer: a modern view, 
Br. J. Radiol. 85 (2012) e1166-e1173. 
 [4] M.H. Barcellos-Hoff, D.H. Nguyen, Radiation carcinogenesis in context: how 
do irradiated tissues become tumors?, Health Phys. 97 (2009) 446-457. 
 [5] M. Kadhim, S. Salomaa, E. Wright, G. Hildebrandt, O.V Belyakov, K.M. Prise, 
M.P. Little, Non-targeted effects of ionizing radiation-Implications for low dose 
risk, Mutat. Res. 752(2) (2012) 84-98. 
 [6] H. Nagasawa, J.B. Little, Induction of sister chromatid exchanges by extremely 
low doses of alpha-particles. Cancer Res. 52 (1992) 6394-6396. 
 [7] M.A. Kadhim, S.R Moore, E.H. Goodwin, Interrelationships amongst radiation-
induced genomic instability, bystander effects, and the adaptive response, 
Mutat. Res. 568 (2004) 21-32. 
 [8] W.F. Morgan, Non-targeted and delayed effects of exposure to ionizing 
radiation: I. Radiation-induced genomic instability and bystander effects in 
vitro, Radiat. Res. 159 (2003) 567-580. 
 [9] F.M. Lyng, C.B Seymour, C. Mothersill, ,Production of a signal by irradiated 
cells which leads to a response in unirradiated cells characteristic of initiation 
of apoptosis, Br. J. Cancer 83 (2000) 1223-1230. 
 [10] M.V. Sokolov, L.B. Smilenov, E.J. Hall, I.G. Panyutin, W.M. Bonner, O.A. 
Sedelnikova,Ionizing radiation induces DNA double-strand breaks in bystander 
primary human fibroblasts. Oncogene 24 (2005) 7257-7265. 
 [11] H. Yang, N. Asaad, K.D. Held, Medium-mediated intercellular communication 
is involved in bystander responses of X-ray-irradiated normal human 
fibroblasts, Oncogene 24 (2005) 2096-2103. 
 [12] C. Shao, M. Folkard, K.M. Prise, Role of TGF-beta1 and nitric oxide in the 
bystander response of irradiated glioma cells, Oncogene 27 (2008) 434-440. 
24/31 
 
 [13] O.V. Belyakov, S.A. Mitchell, D. Parikh,, G. Randers-Pehrson, S.A. Marino, 
S.A. Amundson, C.R. Geard, D.J. Brenner, Biological effects in unirradiated 
human tissue induced by radiation damage up to 1 mm away, Proc. Natl. 
Acad. Sci. U. S. A 102 (2005) 14203-14208. 
 [14] C. Shao, Y. Furusawa, M. Aoki, H. Matsumoto, K. Ando, Nitric oxide-mediated 
bystander effect induced by heavy-ions in human salivary gland tumour cells, 
Int. J. Radiat. Biol. 78 (2002) 837-844. 
 [15] S.G. Sawant, W., Zheng, K.M. Hopkins, G. Randers-Pehrson, H.B. Lieberman, 
E.J. Hall, The radiation-induced bystander effect for clonogenic survival, 
Radiat. Res. 157 (2002) 361-364. 
 [16] G. Schettino, M. Folkard, K.M. Prise, B. Vojnovic, K.D. Held, B.D. Michael, 
Low-dose studies of bystander cell killing with targeted soft X rays, Radiat. 
Res. 160 (2003) 505-511. 
 [17] C.B. Seymour, C. Mothersill, Relative contribution of bystander and targeted 
cell killing to the low-dose region of the radiation dose-response curve, Radiat. 
Res. 153 (2000) 508-511. 
 [18] S.R. Moore, S. Marsden, D. Macdonald, S. Mitchell, M. Folkard, B. Michael, 
D.T. Goodhead, K.M. Prise, M.A. Kadhim, Genomic instability in human 
lymphocytes irradiated with individual charged particles: involvement of tumor 
necrosis factor alpha in irradiated cells but not bystander cells, Radiat. Res. 
163 (2005) 183-190. 
 [19] E.J. Hall, T.K. Hei, Genomic instability and bystander effects induced by high-
LET radiation, Oncogene 22 (2003) 7034-7042. 
 [20] I. Shuryak, D.J. Brenner, R.L. Ullrich, Radiation-induced carcinogenesis: 
mechanistically based differences between gamma-rays and neutrons, and 
interactions with DMBA. PLoS. One. 6 (2011), e28559. 
 [21] P. Kundrát, W. Friedland, Non-linear response of cells to signals leads to 
revised characteristics of bystander effects inferred from their modelling, Int J 
Radiat Biol. 10 (2012) 743-750. 
 [22] S.J. McMahon, K.T. Butterworth, C. Trainor, C.K. McGarry, J.M. O'Sullivan,G. 
Schettino, A.R Hounsell, K.M. Prise, A kinetic-based model of radiation-
induced intercellular signalling, PLoS One. 8(1) (2013) e54526. 
 [23] K.T. Butterworth, S.J. McMahon, A.R. Hounsell, J.M. O'Sullivan, K.M. Prise, 
Bystander signalling: exploring clinical relevance through new approaches and 
new models, Clin Oncol (R Coll Radiol). 25(10) (2013) 586-592. 
 [24] M. Eidemüller, E. Holmberg, P. Jacob, M. Lundell, P. Karlsson, Breast cancer 
risk after radiation treatment at infancy: potential consequences of radiation-
induced genomic instability, Radiat Prot Dosimetry.143(2-4) (2011):375-379. 
 [25] P. Jacob, R. Meckbach,J.C. Kaiser, M. Sokolnikov, Possible expressions of 
radiation-induced genomic instability, bystander effects or low-dose 
hypersensitivity in cancer epidemiology, Mutat Res. (2010) 687(1-2)34-39. 
 [26] M. Eidemüller, E. Holmberg, P. Jacob, M. Lundell, P. Karlsson, Breast  
  cancer risk among Swedish hemangioma patients and possible consequences 




 [27] K.M. Prise, A.Saran, Stem cell effects in radiation risk, Stem Cells 29 (2011) 
1315-1321. 
 [28] N. Fossett, Signal transduction pathways, intrinsic regulators, and the control 
of cell fate choice, Biochim Biophys Acta. 1830(2) (2013) 2375-2384. 
 [29] J.E. Pimanda, K. Ottersbach, K. Knezevic, S. Kinston, W.Y. Chan, N.K. 
Wilson, J.R. Landry, A.D. Wood, A. Kolb-Kokocinski, A.R. Green, D. Tannahill, 
G. Lacaud, V. Kouskoff, B. Göttgens, Gata2, Fli1, and Scl form a recursively 
wired gene-regulatory circuit during early hematopoietic development. Proc 
Natl Acad Sci U S A. 104(45) (2007)17692-17697. 
 [30] E. Trompouki, T.V. Bowman, L.N. Lawton, Z.P. Fan, D.C. Wu, A. DiBiase, 
C.S. Martin, J.N. Cech, A.K. Sessa, J.L. Leblanc, P. Li., E.M. Durand, C. 
Mosimann, G.C. Heffner, G.Q. Daley, R.F. Paulson, R.A. Young, L.I. Zon, 
Lineage regulators direct BMP and Wnt pathways to cell-specific programs 
during differentiation and regeneration, Cell. 147(3) (2011) 577-589. 
 [31] J. Massagué, TGFβ signalling in context, Nat Rev Mol Cell Biol. 13(10) (2012) 
616-630. 
 [32] J. Massagué, TGFbeta in Cancer, Cell. 134(2) (2008)215-230. 
 [33] X.L. Hu, Y. Wang,, Q. Shen, Epigenetic control on cell fate choice in neural 
stem cells, Protein Cell.3(4) (2012) 278-290. 
 [34] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 
144 (2011) 646-674. 
 [35] A.C. Upton, Historical perspectives on radiation carcinogenesis, in A.C. 
Upton,, R.E. Albert,, F.J. Burns, R.E. Shore (Eds), Radiation Carcinogenesis, 
Elsevier, New York, 1986, pp. 1-10. 
 [36] L.V. Nguyen, R. Vanner, P. Dirks, C.J. Eaves,Cancer stem cells: an evolving 
concept, Nat. Rev. Cancer. 12 (2012) 133-143. 
 [37] M.S. Wicha, S. Liu, G Dontu, Cancer stem cells: an old idea--a paradigm shift, 
Cancer Res. 66 (2006) 1883-1890. 
 [38] T. Lapidot, C. Sirard, J. Vormoor, B. Murdoch, T. Hoang, J. Caceres-Cortes,, 
M. Minden, B. Paterson, M.A. Caligiuri, J.E. Dick, A cell initiating human acute 
myeloid leukaemia after transplantation into SCID mice, Nature 367 (1994) 
645-648. 
 [39] S. Sell, On the stem cell origin of cancer, Am. J. Pathol. 176 (2010) 2584-494. 
 [40] C.Y. Park, D. Tseng, I.L. Weissman, Cancer stem cell-directed therapies: 
recent data from the laboratory and clinic, Mol. Ther. 17 (2009) 219-230. 
 [41] N.A. Lobo, Y. Shimono, D. Qian, M.F. Clarke, The biology of cancer stem 
cells, Annu. Rev. Cell Dev. Biol. 23 (2007) 675-699. 
 [42] C.H. Park, D.E. Bergsagel, E.A. McCulloch,Mouse myeloma tumor stem cells: 
a primary cell culture assay, J. Natl. Cancer Inst. 46 (1971), 411-422. 
 [43] W.R. Bruce, H. van der Gaag, A quantitative assay for the number of murine 
lymphoma cells capable of proliferation in vivo, Nature 199 (1963) 79-80. 
 [44] A.W. Hamburger, S.E. Salmon, Primary bioassay of human tumor stem cells, 
Science 197 (1977) 461-463. 
26/31 
 
 [45] M. Al-Hajj, M.S. Wicha, A. Benito-Hernandez, S.J. Morrison, M.F. Clarke, 
Prospective identification of tumorigenic breast cancer cells, Proc. Natl. Acad. 
Sci. U. S. A 100 (2003) 3983-3988. 
 [46] C.A. O'Brien, A. Pollett, S. Gallinger, J.E. Dick, A human colon cancer cell 
capable of initiating tumour growth in immunodeficient mice, Nature 445 
(2007), 106-110. 
 [47] S.K. Singh, C. Hawkins, I.D. Clarke, J.A. Squire, J. Bayani, T. Hide, R.M. 
Henkelman, M.D. Cusimano, P.B. Dirks, Identification of human brain tumour 
initiating cells, Nature 432 (2004), 396-401. 
 [48] L. Cheng, A.V. Ramesh, A. Flesken-Nikitin, J. Choi,, A.Y. Nikitin,Mouse 
models for cancer stem cell research, Toxicol. Pathol. 38 (2010) 62-71. 
 [49] T. Reya,, S.J. Morrison, M.F. Clarke, I.L. Weissman, Stem cells, cancer, and 
cancer stem cells, Nature 414 (2001) 105-111. 
 [50] R. Pardal, M.F. Clarke, S.J. Morrison, Applying the principles of stem-cell 
biology to cancer, Nat. Rev. Cancer 3 (2003) 895-902. 
 [51] S.J. Morrison, J. Kimble, Asymmetric and symmetric stem-cell divisions in 
development and cancer, Nature 441 (2006) 1068-1074. 
 [52] J.E. Dick, Stem cell concepts renew cancer research, Blood 112 (2008) 4793-
4807. 
 [53] S.Y. Park, H.E. Lee, H. Li, M. Shipitsin, R. Gelman, K. Polyak, Heterogeneity 
for stem cell-related markers according to tumor subtype and histologic stage 
in breast cancer, Clin Cancer Res 16 (2010) 876–887. 
 [54] J.E. Visvader, G.J. Lindeman, Cancer stem cells in solid tumours: 
accumulating evidence and unresolved questions, Nature Reviews Cancer 8 
(2008) 755–768. 
 [55] P.N. Kelly, A. Dakic, J.M. Adams, S.L. Nutt, A. Strasser, Tumor growth need 
not be driven by rare cancer stem cells, Science 317 (2007) 337–337. 
 [56] S. Schwitalla, A.A. Fingerle, P. Cammareri,, T. Nebelsiek,, S.I. Göktuna, P.K. 
Ziegler, O. Canli,, J. Heijmans,, D.J. Huels, G. Moreaux, R.A. Rupec, M. 
Gerhard, R. Schmid, N. Barker, H. Clevers, R. Lang, J. Neumann, T. Kirchner, 
M.M. Taketo, G.R. van den Brink, O.J. Sansom, M.C. Arkan, F.R. Greten 
Intestinal tumorigenesis initiated by dedifferentiation and acquisition of stem-
cell-like properties, Cell. 152(1-2) (2013).25-38. 
 [57] K. Leder, E.C. Holland, F. Michor, The Therapeutic Implications of Plasticity of 
the Cancer Stem Cell Phenotype. PLoS ONE 5(12) (2010) e14366. 
 [58] N. Charles, T. Ozawa, M. Squatrito, A.M. Bleau, C.W. Brennan, D. 
Hambardzumyan, E.C. Holland, Perivascular Nitric Oxide Activates Notch 
Signaling and Promotes Stem-like Character in PDGF-Induced Glioma Cells, 
Cell Stem Cell 6 (2010) 141–152. 
 [59] A. Sharif, P. Legendre, V. Prévot, C. Allet, L. Romao, J.M. Studler, H. 
Chneiweiss, M.P. Junier, Transforming growth factor alpha promotes 
sequential conversion of mature astrocytes into neural progenitors and stem 
cells, Oncogene 26 (2007) 2695–2706. 
27/31 
 
 [60] L. Vermeulen, E. De Sousa, F. Melo, M. Van Der Heijden, K. Cameron, J.H. 
de Jong, T. Borovski,, J.B. Tuynman, M. Todaro, C. Merz, H. Rodermond, 
M.R. Sprick, K. Kemper, D.J. Richel, G. Stassi, J.P. Medema, Wnt activity 
defines colon cancer stem cells and is regulated by the microenvironment, Nat 
Cell Biol .12 (2010) 468–476. 
 [61] B. Das, R. Tsuchida, D. Malkin, G. Koren, S. Baruchel, H. Yeger, Hypoxia 
enhances tumor stemness by increasing the invasive and tumorigenic side 
population fraction, Stem Cells. 26 (2008)1818–1830. 
 [62] G. Dontu, M. Al-Hajj, W.M. Abdallah, M.F. Clarke, M.S. Wicha, Stem cells in 
normal breast development and breast cancer, Cell Prolif. 36 Suppl 1 (2003) 
59-72. 
 [63] S.B. Krantz, M.A. Shields, S. Dangi-Garimella, H.G. Munshi, D.J. Bentrem, 
Contribution of epithelial-to-mesenchymal transition and cancer stem cells to 
pancreatic cancer progression, J. Surg. Res. 173 (2012) 105-112. 
 [64] C.D. May, N. Sphyris, K.W. Evans, S.J. Werden, W. Guo, S.A.Mani, Epithelial-
mesenchymal transition and cancer stem cells: a dangerously dynamic duo in 
breast cancer progression, Breast Cancer Res. 13 (2011) 202. 
 [65] Y. Wang, L. Liu, S.K. Pazhanisamy, H. Li, A. Meng, D. Zhou, Total body 
irradiation causes residual bone marrow injury by induction of persistent 
oxidative stress in murine hematopoietic stem cells, Free Radic. Biol. Med. 48 
(2010) 348-356. 
 [66] Y. Wang, L. Liu, D. Zhou, Inhibition of p38 MAPK attenuates ionizing radiation-
induced hematopoietic cell senescence and residual bone marrow injury, 
Radiat. Res. 176 (2011) 743-752. 
 [67] J. Cmielova, R. Havelek, T. Soukup, A. Jiroutova, B. Visek, J. Suchanek, J. 
Vavrova, J. Mokry, D. Muthna, L. Bruckova, S. Filip, D. English, M. Rezacova, 
Gamma radiation induces senescence in human adult mesenchymal stem 
cells from bone marrow and periodontal ligaments, Int. J. Radiat. Biol. 88 
(2012) 393-404. 
 [68] T.M. Filion, M. Qiao, P.N. Ghule, M. Mandeville, A.J. van Wijnen, J.L. Stein, 
J.B. Lian, D.C. Altieri, G.S. Stein, Survival responses of human embryonic 
stem cells to DNA damage. J. Cell Physiol 220 (2009) 586-592. 
 [69] Y. Hong, P.J. Stambrook, Restoration of an absent G1 arrest and protection 
from apoptosis in embryonic stem cells after ionizing radiation, Proc. Natl. 
Acad. Sci. U. S. A 101 (2004) 14443-14448. 
 [70] N.G. Denissova, I.V. Tereshchenko, E. Cui, ,P.J. StambrookC. Shao, J.A. 
Tischfield,Ionizing radiation is a potent inducer of mitotic recombination in 
mouse embryonic stem cells, Mutat. Res. 715 (2011) 1-6. 
 [71] O. Momcilovic, S. Choi, S. Varum, C. Bakkenist, , G. Schatten, C. Navara, 
Ionizing radiation induces ataxia telangiectasia mutated-dependent checkpoint 
signaling and G(2) but not G(1) cell cycle arrest in pluripotent human 
embryonic stem cells, Stem Cells 27 (2009) 1822-1835. 
 [72] K.D. N. Sun, M. Huang, W.Y. Zhang, A.S. Lee, Z. Li, S.X. Wang, J.C. Wu, 
Effects of ionizing radiation on self-renewal and pluripotency of human 
embryonic stem cells, Cancer Res. 70 (2010) 5539-5548. 
28/31 
 
 [73] M.V. Sokolov, I.V. Panyutin, R.D. Neumann, Unraveling the global 
microRNAome responses to ionizing radiation in human embryonic stem cells, 
PLoS. One. 7 (2012) e31028. 
 [74] M.V. Sokolov, I.V. Panyutin, I.G. Panyutin, R.D. Neumann, Dynamics of the 
transcriptome response of cultured human embryonic stem cells to ionizing 
radiation exposure, Mutat. Res. 709-710 (2011) 40-48. 
 [75] N. Hayashi, S. Monzen, K. Ito, T. Fujioka,, Y. Nakamura, I. Kashiwakura, 
Effects of ionizing radiation on proliferation and differentiation of mouse 
induced pluripotent stem cells, J. Radiat. Res. 53 (2012) 195-201. 
 [76] S. Monzen, E. Tashiro, I. Kashiwakura, Megakaryocytopoiesis and 
thrombopoiesis in hematopoietic stem cells exposed to ionizing radiation, 
Radiat. Res. 176 (2011) 716-724. 
 [77] W. Rachidi, G. Harfourche, G. Lemaitre, F. Amiot, P. Vaigot, M.T. Martin, 
Sensing radiosensitivity of human epidermal stem cells, Radiother. Oncol. 83 
(2007) 267-276. 
 [78] F.P. D'Andrea, M.R. Horsman, M. Kassem, J. Overgaard, A. Safwat, 
Tumourigenicity and radiation resistance of mesenchymal stem cells, Acta 
Oncol. 51 (2012) 669-679. 
 [79] K. Inomata, T. Aoto, N.T. Binh, N. Okamoto, S. Tanimura, T. Wakayama, S. 
Iseki, E. Hara, T. Masunaga, ,H. Shimizu, E.K. Nishimura, Genotoxic stress 
abrogates renewal of melanocyte stem cells by triggering their differentiation, 
Cell. 137(6) (2009).1088-1099. 
 [80] H. Aoki, A. Hara, T. Motohashi, Protective effect of Kit signaling for 
melanocyte stem cells against radiation-induced genotoxic stress, J Invest 
Dermatol.131(9) (2011)1906-1915 [81] A. Hachiva, P. Sriwiriyanont, T. 
Kobayashi, A, Nagasawa, H. Yoshida, A. Ohuchi, T. Kitahara, M.O. Visscher, 
Y. Takema, R. Tsuboi, , R.E. BoissyStem cell factor-KIT signalling plays a 
pivotal role in regulating pigmentation in mammalian hair, J Pathol. 218(1) 
(2009) 30-39. 
 [82] H. Aoki, A. Hara, T. Motohashi, T. Kunisada, Keratinocyte Stem Cells but Not 
Melanocyte Stem Cells Are the Primary Target for Radiation-Induced Hair 
Graying, J Invest Dermatol. (2013) doi: 10.1038/jid.2013.155.  
 [83] M.V. Sokolov, R.D. Neumann, Human embryonic stem cell responses to 
ionizing radiation exposures: current state of knowledge and future challenges, 
Stem Cells Int. (2012) doi: 10.1155/2012/579104. 
 [84] A. Bajinskis, H. Lindegren, L. Johansson, M. Harms-Ringdahl, A. Forsby Low-
dose/dose-rate gamma radiation depresses neural differentiation and alters 
protein expression profiles in neuroblastoma SH-SY5Y cells and C17.2 neural 
stem cells, Radiat. Res. 175 (2011) 185-192. 
 [85] X. Liang, Y.H. So, J. Cui, K. Ma, ,X. Xu,Y. Zhao,L. Cai W. Li, The low-dose 
ionizing radiation stimulates cell proliferation via activation of the MAPK/ERK 
pathway in rat cultured mesenchymal stem cells, J. Radiat. Res. 52 (2011) 
380-386. 
 [86] P. Kern, L. Keilholz, C. Forster, M.H. Seegenschmiedt, R. Sauer, M. 
Herrmann, In vitro apoptosis in peripheral blood mononuclear cells induced by 
29/31 
 
low-dose radiotherapy displays a discontinuous dose-dependence, Int. J. 
Radiat. Biol. 75 (1999) 995-1003. 
 [87] F. Rödel, L. Keilholz, M. Herrmann, R. Sauer, G. Hildebrandt, Radiobiological 
mechanisms in inflammatory diseases of low-dose radiation therapy, Int. J. 
Radiat. Biol. 83 (2007) 357-366. 
 [88] S.I. Zaichkina, O.M. Rozanova, G.F. Aptikaeva, A.Ch. Achmadieva, D.Y. 
Klokov, Low doses of gamma-radiation induce nonlinear dose responses in 
Mammalian and plant cells, Nonlinearity Biol. Toxicol. Med. 2 (2004) 213-221. 
 [89] W.Y. Guo, G.J. Wang P. Wang, Q. Chen, Y. Tan, L. Cai, Acceleration of 
diabetic wound healing by low-dose radiation is associated with peripheral 
mobilization of bone marrow stem cells, Radiat. Res. 174 (2010) 467-479. 
 [90] W. Li, G Wang, J. Cui, L. Xue, L. Cai, Low-dose radiation (LDR) induces 
hematopoietic hormesis: LDR-induced mobilization of hematopoietic 
progenitor cells into peripheral blood circulation, Exp. Hematol. 32 (2004) 
1088-1096. 
 [91] D. Jolly, J. Meyer, A brief review of radiation hormesis, Australas. Phys. Eng 
Sci. Med 32 (2009) 180-187. 
 [92] D. Bhattacharjee, A. Ito, Deceleration of carcinogenic potential by adaptation 
with low dose gamma irradiation, In Vivo 15 (2001) 87-92. 
 [93] R.E. Mitchel, Low doses of radiation are protective in vitro and in vivo: 
evolutionary origins, Dose Response 4 (2006), 5-90. 
 [94] L.C. Wei, Y.X. Ding, Y.H. Liu, L. Duan, Y. Bai, ,M. Shi, L.W. Chen,L.W. Low-
dose radiation stimulates Wnt/beta-catenin signaling, neural stem cell 
proliferation and neurogenesis of the mouse hippocampus in vitro and in vivo, 
Curr. Alzheimer Res. 9 (2012) 278-289. 
 [95] J. Tian, W. Zhao, S. Tian, J.M. Slater, Z. Deng, D.S. Gridley, Expression of 
genes involved in mouse lung cell differentiation/regulation after acute 
exposure to photons and protons with or without low-dose preirradiation, 
Radiat. Res. 176 (2011) 553-564. 
 [96] K.R. Hughes, R.M. Gandara, T. Javkar, F. Sablitzky, H. Hock, C.S Potten, 
Y.R. Mahida, Heterogeneity in histone 2B-green fluorescent protein-retaining 
putative small intestinal stem cells at cell position 4 and their absence in the 
colon, Am. J. Physiol Gastrointest. Liver Physiol 303 (2012) G1188-G1201. 
 [97] G. Harfouche, M.T. Martin Response of normal stem cells to ionizing radiation: 
a balance between homeostasis and genomic stability, Mutat. Res. 704 (2010) 
167-174. 
 [98] F. Pajonk, E. Vlashi, Characterization of the stem cell niche and its importance 
in radiobiological response, Semin Radiat Oncol. 23(4) (2013) 237-241. 
 [99] K.K. Khanna, S.P. Jackson, DNA double-strand breaks: signaling, repair and 
the cancer connection, Nat Genet. 27(3) (2001) 247-254. 
[100] P. Nagaria, C. Robert, F.V. Rassool DNA double-strand break response in 
stem cells: mechanisms to maintain genomic integrity, Biochim Biophys Acta. 
1830(2) (2013) 2345-2353. 
30/31 
 
 [101] J.N. Kavanagh, K.M. Redmond, G. Schettino, K.M. Prise, DNA double strand 
break repair: a radiation perspective, Antioxid Redox Signal. 18(18) (2013) 
2458-2472. 
[102] L.J. Niedernhofer DNA repair is crucial for maintaining hematopoietic stem cell 
function, DNA Repair (Amst).7(3) (2008) 523-529. 
[103] E.D. Tichy, R. Pillai, L. Deng, L. Liang, J. Tischfield, S.J. Schwemberger, G.F. 
Babcock, P.J. Stambrook, Mouse embryonic stem cells, but not somatic cells, 
predominantly use homologous recombination to repair double-strand DNA 
breaks, Stem Cells Dev. 19(11) (2010) 1699-1711. 
[104] L. Serrano, L. Liang, Y. Chang, L. Deng, C. Maulion, S. Nguyen, J.A. 
Tischfield, Homologous recombination conserves DNA sequence integrity 
throughout the cell cycle in embryonic stem cells, Stem Cells Dev. 20(2) 
(2011) 363-374. 
[105] M. Krutá, L. Bálek, R. Hejnová, Z. ,Dobšáková, L. Eiselleová K. Matulka, T. 
Bárta, P. Fojtík, J. Fajkus, A. Hampl, P. Dvořák, V. Rotrekl, Decrease in 
abundance of apurinic/apyrimidinic endonuclease causes failure of base 
excision repair in culture-adapted human embryonic stem cells, Stem Cells. 
31(4) (2012) 693-702. 
[106] N. Yang, H. Galick, S.S. Wallace Attempted base excision repair of ionizing 
radiation damage in human lymphoblastoid cells produces lethal and 
mutagenic double strand breaks, DNA Repair (Amst). 3(10) (2004):1323-1334. 
[107] N.C. de Souza-Pinto, S. Maynard, K. Hashiguchi, J. Hu, M. Muftuoglu, V.A. 
Bohr, The recombination protein RAD52 cooperates with the excision repair 
protein OGG1 for the repair of oxidative lesions in mammalian cells, Mol Cell 
Biol. 29(16) (2009) 4441-4454. 
[108] E.P. Rogakou, D.R. Pilch, A.H. Orr, V.S. Ivanova, W.M. Bonner, DNA double-
stranded breaks induce histone H2AX phosphorylation on serine 139, J Biol 
Chem. 273(10) (1998) 5858-5868. 
[109] B.R. Adams, S.E. Golding, R.R. Rao, K. Valerie, Dynamic dependence on 
ATR and ATM for double-strand break repair in human embryonic stem cells 
and neural descendants. PLoS One. 5(4) (2010) doi: 10.1371/ 
journal.pone.0010001. 
 [110] M.V. Sokolov, R.D. Neumann, Radiation-induced bystander effects in cultured 
human stem cells, PLoS. One. 5 (2010) doi: 10.1371/journal.pone.0014195. 
[111] J. Tang, I. Fernandez-Garcia, S. Vijayakumar, H. Martinez-Ruiz, I. Illa- 
 Bochaca,, D.H. Nguyen, J.H. Mao, S.V. Costes, M.H. Barcellos-Hoff, 
 Irradiation of juvenile, but not adult, mammary gland increases stem cell  self-
 renewal and estrogen receptor negative tumors, Stem Cells. (2013) doi: 
 10.1002/stem.1533. 
[112] M.V. Sokolov, I.V. Panyutin, M.I. Onyshchenko, I.G. Panyutin, R.D. 
 Neumann, Expression of pluripotency-associated genes in the surviving 
 fraction of cultured human embryonic stem cells is not significantly affected 




[113] M.V. Sokolov, R.D. Neumann, Radiation-induced bystander effects in 
 cultured human stem cells. PLoS One, 5 (2010), doi: 
 10.1371/journal.pone.0014195. 
 
[114] D. Becker, T. Elsasser, T. Tonn, E. Seifried, M. Durante, S. Ritter, C. 
 Fournier, Response of human hematopoietic stem  and progenitor cells to 
 energetic carbon ions, Int. J. Radiat. Biol., 85 (2009) 1051–1059. 
 
[115] X. Bi, D. Feng, J. Korczeniewska, N. Alper, G. Hu , B.J. Barnes, Deletion of 
 Irf5 protects hematopoietic stem cells from DNA damage-induced apoptosis 
 and suppresses γ-irradiation-induced thymic lymphomagenesis, Oncogene 
 (2013) doi: 10.1038/onc.2013.295. 
 
[116] K. Kato, A. Omori, I. Kashiwakura, Radiosensitivity of human haematopoietic 
 stem/progenitor cells, J Radiol Prot.; 33(1) (2013) 71-80. 
 
[117] H. Furlong, C. Mothersill, F.M. Lyng, O. Howe, Apoptosis is signalled early by 
 low doses of ionising radiation in a radiation-induced bystander effect, Mutat 
 Res. 741-742 (2013) 35-43. 
[118] K. Otsuka, N. Hamada, J. Magae, H. Matsumoto, Y. Hoshi, T. Iwasaki,
 Ionizing radiation leads to the replacement and de novo production of 
 colonic Lgr5(+) stem cells, Radiat Res.179(6) (2013) 637-646. 
[119] B.P. Tseng,M.L. Lan, K.K. Tran, M.M. Acharya, E. Giedzinski, C.L. Limoli,
 Characterizing low dose and dose rate effects in rodent and human 
 neural stem cells exposed to proton and gamma irradiation, Redox Biol.1(1) 
 (2013) 153-162. 
[120] M. Tanori, E. Pasquali, S. Leonardi, A. Casciati, P. Giardullo, I. De Stefano, M. 
Mancuso A. Saran, S. Pazzaglia, Developmental and oncogenic radiation 
effects on neural stem cells and their differentiating progeny in mouse 
cerebellum, Stem Cells. (2013) 31(11):2506-2516. 
[121] M.M. Acharya, M.L. Lan,V.H. Kan, N.H. Patel, E. Giedzinski, B.P. Tseng,  C.L. 
 Limoli, Consequences of ionizing radiation-induced damage in human 
 neural stem cells, Free Radic Biol Med. 49(12) 2010)1846-1855. 
[122] B.P. Tseng, E. Giedzinski, A. Izadi, T. Suarez, M.L. Lan, K.K. Tran, M.M. 
Acharya, G.A. Nelson, J. Raber, V.K. Parihar, C.L. Limoli, Functional 
Consequences of Radiation-Induced Oxidative Stress in Cultured  Neural 
Stem Cells and the Brain Exposed to Charged Particle Irradiation, Antioxid 
Redox Signal (2013) [Epub ahead of print]  PMID:23802883. 
 
 
 
